Each step in the biogenesis of microRNAs (miRNAs) depends on recognition of a correct substrate and efficient transport or processing of that RNA. Exportin5 (Exp5) and Dicer are proteins that mediate two key steps in this cascade, the nuclear export and cytoplasmic processing of microRNA precursor (pre-miRNAs). Xenopus laevis oocytes, eggs, and embryos constitute convenient experimental systems in which to study the substrate specificity of these proteins because specific RNAs or proteins can be injected directly into different subcellular compartments. We have used the Xenopus system and in vitro processing to define and compare the specificities of Exp5 and Dicer. Although both proteins act on many of the same substrates, we show that they recognize different structure elements of these RNAs. Our studies also revealed several unexpected activities. For example, Exp5 can mediate export of unspliced pre-mRNAs and excised lariat introns if these RNAs contain an aptamer sequence that itself is an Exp5 export substrate. Finally, we demonstrate that maturation of Xenopus oocytes into eggs leads to a large increase in Dicer activity, suggesting that miRNA biogenesis is subject to developmental control.
microRNAs (miRNAs) function in posttranscriptional control of gene expression through RISC (RNA-induced silencing complex)-mediated inhibition of translation, often accompanied by destabilization of the targeted mRNAs (for review, see Filipowicz et al. 2005; Valencia-Sanchez et al. 2006) . miRNA biogenesis involves several coordinated processing and intracellular transport steps, some of which appear to be controlled during development and differentiation or in response to environmental stimuli (for review, see Bartel 2004; Du and Zamore 2005) . These steps include (1) synthesis of primary transcripts containing one or more miRNAs, (2) processing of these transcripts by the RNase-III-like endonuclease Drosha (and associated proteins) to produce approximately 65-to 75-nucleotide-long incompletely base-paired hairpin RNAs (pre-miRNAs), (3) export of pre-miRNAs from the nucleus to the cytoplasm by the export factor exportin-5 (Exp5), (4) cleavage of the pre-miRNAs in the cytoplasm by a second doublestrand-specific RNase-III-like processing enzyme, Dicer, into duplexes about 22 nucleotides long, and (5) selection of one strand of the product duplex as the miRNA and incorporation into a ribonucleoprotein complex, the RISC (for review, see Murchison and Hannon 2004; Kim 2005 ). Here we describe our studies on the activities, substrate specificities, and developmental control of two of the key proteins that participate in this process, Exp5 and Dicer (steps 3 and 4).
We have asked what features of pre-miRNA substrates contribute to their export by Exp5 and their processing by Dicer. These hairpin RNAs have imperfectly base-paired stem regions about 22 nucleotides long, flanked by free 5′ and 3′ ends and an unpaired loop region. To test the importance of these structural elements in export and processing, we prepared 32 P-labeled RNA substrates (by in vitro transcription; Grimm et al. 1997) in which these elements were either altered or deleted. We then monitored the fates of the variant RNAs in vivo, using microinjected Xenopus oocytes and embryos, or in vitro, using human recombinant Dicer.
EXPORTIN 5
We and other investigators previously demonstrated that Exp5 is responsible for export of pre-miRNAs from the nucleus to the cytoplasm of both X. laevis oocytes and mammalian cultured cells (Yi et al. 2003; Bohnsack et al. 2004; Lund et al. 2004) , and that Exp5 binds directly to its RNA cargo in a RanGTP-dependent manner. Preferred export substrates resemble Drosha processing products (Lund et al. 2004; Zeng and Cullen 2004) . Pre-miRNAs and other RNAs that are recognized by this export receptor (e.g., tRNA) all have a high degree of secondary structure, including short helices, indicating that double-stranded RNA structure is important to the interaction (Bohnsack et al. 2002; Calado et al. 2002; Gwizdek et al. 2003) . Here, we asked what other features of the RNA contribute to its ability to serve as an export substrate for Exp5 in Xenopus oocytes.
Pre-miRNA-related Export Substrates
To determine whether Exp5 interacts with the free ends of the RNA cargos, we generated a pre-miRNA-like molecule that lacked free ends. This was done by ligating the ends of Drosophila melanogaster pre-let-7 RNA to each other, making a circular RNA ( Fig. 1, left; top), which presumably maintained its secondary structure (Carrara et al. 1995) . Upon injection into Xenopus oocyte nuclei, the gel-purified circular RNA was exported as efficiently as the linear pre-miRNA ( Fig. 1, right ; top panel). Likewise, a short imperfect miRNA-miRNA* duplex, generated by treatment of a human pre-miR-31 with Dicer, was exported as rapidly as was pre-miR-31 The circular form of Dm pre-let-7 (top) was generated by treatment with RNA ligase (Carrara et al. 1995) . Pre-miR-31 was digested with human recombinant Dicer, to produce the short miR-31/miR-31* duplex (indicated by arrows). ET-208 RNA is an aptamer selected for its ability to be exported in the presence of the M-protein of VSV . Polyacrylamide gels display 32 Plabeled RNAs that had been injected into Xenopus oocyte nuclei in the absence or presence of 0.5 pmole of unlabeled pre-miR-31 (top and middle panels) or ET-208 RNA (bottom panel) competitor RNAs and recombinant Exp5, or into oocytes lacking RanGTP (*middle panel, right lanes) (Lund et al. 2004) . Inj. denotes the injected RNAs, and N (nucleus) and C (cytoplasm) show the intracellular distributions of the RNAs with time (t); the times were 25 and 40 min, 30 and 60 min, and 30, 60, and 120 min for the top, middle, and bottom panels, respectively.
( Fig. 1, right ; middle panel). Export of both the circular RNA and the miRNA-miRNA* duplex was mediated by Exp5, as shown by the ability of an excess of unlabeled pre-miR-31 to inhibit it, and the ability of exogenous human recombinant Exp5 to reverse this inhibition ( Fig.  1 , right; top and middle panels).
We confirmed that the appearance of the miRNA-miRNA* duplex RNA in the cytoplasm was due to active transport by depleting oocytes of RanGTP, an essential cofactor in Exp5-mediated nuclear export. This was accomplished by nuclear injection of recombinant RanGAP (to activate the GTPase function of Ran) and RanT24N (to inhibit RanGEF, the GTP-GDP exchange factor) (Izaurralde et al. 1997 ). In the absence of RanGTP, more than 95% of the short RNA duplex, as well as pre-miR-31, remained in the nucleus for at least 60 minutes (Fig.1 , far right of middle panel), demonstrating that, like premiRNAs, the short duplex RNA is exported in a RanGTPdependent active process. Thus, neither the free ends nor the terminal loop region of a pre-miRNA is required for export by Exp5. This finding explains how Exp5 keeps duplex siRNAs out of the nucleus (Ohrt et al. 2006 ).
Other Structured Exp5 Substrates
Structured RNAs that are unrelated to pre-miRNAs can also be recognized and exported by Exp5. A novel example is ET-208 RNA ( Fig. 1, left; bottom) , an artificial, highly structured RNA aptamer that we selected from a library of sequences because of its ability to be exported from oocyte nuclei in the presence of the matrix protein of vesicular stomatitis virus (M protein) . Although M protein potently inhibits export of both snRNAs and mRNAs (Petersen et al. 2000) , it does not affect export of pre-miR-31 (not shown), suggesting that its export receptor, Exp5, could also mediate export of ET-208 RNA. Indeed, when co-injected into the same oocyte nuclei, ET208 RNA and pre-miR-31 strongly competed with each other for export, and this competition was obviated by injection of exogenous Exp5 (Fig. 1 , bottom panel and data not shown). Moreover, we found that Exp5 binds directly to ET-208 RNA in a RanGTP-dependent manner (not shown).
Similarly, other workers have shown that the highly structured small RNAs, adenovirus VA1 RNA and human Y1 RNA (hY1) (Gwizdek et al. 2003) , are export substrates for Exp5, further substantiating the versatility of this RNA-binding export receptor. However, we have found that some Exp5-mediated export (e.g., hY1 RNA) is subject to inhibition by M protein Rutjes et al. 2001 ; data not shown). This differential sensitivity of Exp5-mediated export to M protein may reflect the fact that ET-208 RNA was selected solely for its ability to be exported in the presence of the inhibitor, whereas hY1 RNA is complexed with specific RNA-binding protein(s) that might act as nuclear retention factors.
Both are exported even when they lack free 5′ or 3′ ends ( Fig. 1) , suggesting that Exp5 recognizes internal structure(s) of the RNAs. Therefore, we asked whether these RNAs could serve as cis-acting elements to promote nuclear export of other RNA sequences. For this, we inserted ET-208 RNA or pre-miR-31 sequences into the intron of an AdML pre-Dicer, and in vivo, using Xenopus oocytes and early embryos. The substrates, which resembled Drosophila pre-let-7 or human pre-miR-31, differed from each other in terms of the character of their ends, as well as the lengths of their duplex regions and terminal loops. In all of these experiments, the indicated cleavage sites were determined by direct nucleotide sequence analysis of the Dicer digestion products (not shown).
Cleavage of Pre-miRNAs by Dicer In Vitro
Free ends of Dicer substrates. We first asked whether free ends of the pre-miRNAs are needed for cleavage, by incubating the linear and circularized forms of pre-let-7 RNA (see Fig. 1 ) with human recombinant Dicer and analyzing the cleavage products by polyacrylamide gel electrophoresis. As expected, the control RNA with free ends was efficiently digested to yield fragments about 22 and 23 nucleotides long, arising from the stem, and a shorter fragment, about 14 nucleotides long, generated by cleavages near the end of the stem, at either side of the loop. In contrast, the circularized RNA was completely resistant to cleavage by Dicer (Fig. 3, top left panel) , showing that at least one end of the RNA stem-loop structure is required for cleavage by Dicer. An earlier report indicating that free ends were not needed for Dicer cleavage used a substrate whose ends were base-paired but not ligated together (Zhang et al. 2002) .
To study the effects of ends on the cleavage, we made several variants of pre-let7 RNA and pre-miR-31 (Fig. 3 , right). First, we compared the products generated by Dicer digestion of pre-miR-31 with those of similar RNAs but with extra unpaired nucleotides at either the 5′ or 3′ end (Fig. 3 , RNAs 8, 9, and 10). The substrate with an extended 5′ end yielded the wild-type array of products (Fig. 3, bottom) , whereas the substrate with a similar extension at its 3′ end yielded a complex mixture of products, and digestion was less efficient. The observed major sites of cleavage (denoted by horizontal bars on structures shown in Fig. 3 , right) indicate that Dicer interacts with the free 3′ end and cuts the duplex at a fixed distance (~22 nucleotides away) (see Zhang et al. 2004 ).
Effects of stem length and sequence on Dicer cleavage. If the sites of cleavage are determined solely with reference to the 3′ extension at the base of the stem, premiRNA substrates with different length duplexes should be processed with similar efficiencies and yield products of predictable size. To test whether that was the case, we analyzed a series of synthetic substrates based on the sequence of Drosophila pre-let-7 (Fig. 3 , right top) that were identical in and around the loop region but differed from each other by insertion of extra base pairs in various positions of the stem. All substrates with longer stems (except RNA 2) were cleaved less efficiently and, in most cases, yielded a heterogeneous array of products (Fig. 3, top; right panel) , showing that the length of the stem also influences cleavage by Dicer. Moreover, digestion of substrates that had the same length but differed in the location of base-pair insertions resulted in different patterns of products (e.g., compare lanes 5 and 6), indicating that the mRNA model substrate. After injection of the chimeric premRNAs into oocyte nuclei, we monitored the intracellular distribution of the unspliced pre-mRNAs and excised intron lariats. As with other splicing/export systems, and as previously shown in oocytes (Pasquinelli et al. 1997) , the AdML pre-mRNA and the excised intron lariat that lacked inserts were retained in the nucleus while spliced mRNA was exported (Fig. 2, left panel) . However, both the chimeric pre-mRNA and the excised intron lariat were exported if they contained ET-208 RNA sequences (center panel); this export was dependent on Exp5, as it was inhibited by excess unlabeled competitor pre-miRNA and restored by exogenous Exp5 (data not shown). In contrast, the inserted premiR-31 sequence was unable to promote export of either the pre-mRNA or the excised intron lariat (Fig. 2, right panel) . Thus, unlike ET-208 RNA, the structure of pre-miR-31 apparently is not recognized when embedded within a larger transcript, even though free ends are not needed for its export.
Thus, Exp5 is a versatile export receptor that recognizes RNA structure rather than the sequences or free ends of the substrate. The ability of Exp5 to recognize and export chimeric RNAs containing the ET-208 RNA sequence raises the possibility that this exportin-adapter pair could be used for nuclear export of other molecules.
DICER
Upon being exported to the cytoplasm by Exp5, premiRNAs are processed by Dicer to produce an imperfect RNA duplex (one strand of which will become the miRNA) with a 2-nucleotide single-stranded 3′ extension on each of its approximately 21-to 22-nucleotide-long strands (Bernstein et al. 2001; Lee et al. 2002; Zhang et al. 2002 Zhang et al. , 2004 . We investigated features of potential premiRNA substrates that might affect their ability to be processed by Dicer both in vitro, using human recombinant Figure 2 . Exp5-mediated export of unspliced AdML pre-mRNA and its excised intron. Oocytes were injected in the nucleus with mixtures of control U3 and U1 Sm -RNAs and 32 P-labeled preAdML RNA (Pasquinelli et al. 1997 ) with either no insert (left panels) or with ET-208 RNA or pre-miR-31 sequences (black bar) within the intron (middle and right panels, respectively). After 105 or 180 min incubation (left panel) or 105, 180, and 360 min incubation (middle and right panels), the nucleo-cytoplasmic distributions of precursors and splicing products were determined. Abbreviations are as in Fig. 1 . sequence or structure within the stem region also could influence the site of cleavage.
Vertical lines in Figure 3 highlight the gel positions of fragments generated from the loop regions of the substrates. Apart from the short loop fragments, the shortest and most abundant cleavage products were miRNA-sized, in keeping with an initial cleavage at a fixed distance from the 3′ end. The products of all digests also included distinct, much larger fragments (5′ 2/3 molecules) that extended from the 5′ end of the stem through the loop to the cleavage site in the 3′ side of the stem. The existence of these "deadend" partial digestion products indicates that Dicer cleaves first at the 3′ site, and that the duplex structure, which is needed for cleavage of the site in the 5′ side, has been disrupted in some of the substrate molecules.
Effects of loop size on Dicer cleavage. Although the site of cleavage clearly is determined in large part by measuring from the 3′ end of the stem, the effects of the length of the stem raise the possibility that interactions with the loop might also influence cleavage. Comparison of several variants of pre-let-7 showed that the size of the loop did not affect the site of cleavage (Fig. 4, top) . However, loop size did affect the efficiency of cleavage, as shown by the reduced rate of digestion of the substrate with only 4 nucleotides (right panel). This reduction in efficiency may reflect distortion of the cleavage site near the end of the duplex, due to constraints imposed by the tight bend of the RNA backbone within the small loop.
As an RNase-III-like enzyme, Dicer cleaves RNAs in duplex regions, but it also fixes the site of cleavage at about 22 nucleotides from the 3′ end of the stem of the substrate (Fig. 3) (Zhang et al. 2004; Vermeulen et al. 2005) . Therefore, duplexes shorter than 21 or 22 nucleotides would not be expected to be substrates for this enzyme. We tested this prediction by incubating Dicer with short hairpin RNAs (shRNAs) that had perfectly complementary stems 22, 21, or 19 bp long (RNAs 4, 5, and 6 at the bottom of Fig. 4) . Surprisingly, the shRNA substrate with 22 bp (RNA 4) was cleaved much less efficiently than the corresponding pre-miRNA of similar length (RNA 3). This difference indicates that the unpaired nucleotides in the stems of pre-miRNAs may facilitate the positioning of the scissile bonds in appropriate RNase III active sites of the enzyme. As predicted, shortening the stem to 21 or 19 bp (RNAs 5 and 6) while maintaining the overall length of the shRNA (49 nucleotides) further reduced or completely abolished cleavage by Dicer.
shRNA substrates. Using similar substrates in their pioneering study on siRNA expression, Brummelkamp et al. (2002) reported that an shRNA with a stem of only 19 bp and a loop of 9 nucleotides (19/9) could be processed to make functional siRNAs, whereas substrates with shorter loops (19/7 or 19/5) could not. That led them to conclude that a 19-bp stem was sufficient for a substrate for Dicer, if the adjacent loop was 9 nucleotides long.
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LUND AND DAHLBERG Figure 3 . Role of the free ends of pre-miRNA and duplex lengths in cleavage by Dicer in vitro. Lanes 1-7 show products generated by incubation of ~0.5 pmole of 32 P-labeled circularized or linear pre-let-7 RNA (Fig. 1) , or variants of pre-let-7 (right side) with 1 unit Dicer (Gene Therapy Systems) for 60 min at 37°C. Panels 8, 9, and 10 show the digestion products generated by incubation of premiR-31 and variant RNAs (right side) with Dicer for 0, 15, 30, and 60 min. Products were fractionated by electrophoresis in denaturing 20% polyacrylamide gels. Because the in vitro synthesized substrates were synthesized using either T7 or SP6 RNA polymerase, they all contain an extra non-encoded A at their 3′ ends (contributing or generating 3′ overhangs) which is not indicated in the figures.
However, we note that two additional base pairs could be formed by nucleotides at the ends of the 9-nucleotide loop that they used, which would extend the stem to 21 pairs (and reduce the loop to 5). In the 19/9 substrate used here, extension of the stem was not possible and cleavage did not occur, showing that more than 19 bp are required for cleavage by Dicer. We conclude that the minimum stem length of an shRNA (and very likely a pre-miRNA) is 21 or 22 nucleotides.
Taken together, our data on the substrate requirements for cleavage of hairpin RNAs indicate that Dicer fixes the site of cleavage in a duplex region by measuring from the free 3′ end at the base of a stem, and that binding of the enzyme to the substrate is increased by interaction with the loop and perhaps the backbone of the stem. This interpretation is consistent with recent in vivo and in vitro studies of other workers (Zhang et al. 2004; Vermeulen et al. 2005; Chang et al. 2006) , and it fits the model for substrate recognition based on the crystal structure of Dicer from Giardia intestinalis (MacRae et al. 2006 ). In that model, binding of the short 3′ overhang in the PAZ domain pocket at one end of the enzyme positions the duplex near the RNase III domains, allowing cleavage about 22 bp away. A mechanism for recognition of the loop by the minimal enzyme used in that study is unclear.
Non-pre-miRNA substrates. Finally, we asked whether other structured RNAs that are exported by Exp5 could also bind to, and be cleaved by, Dicer. As an indicator of binding, we measured the ability of an RNA to compete for cleavage of pre-let-7 RNA. hY1 RNA, which has a very short terminal stem (see Rutjes et al. 2001) , had no effect on cleavage of pre-miR-31 (not shown). However, VA1 RNA of adenovirus 2, which has a very long, interrupted stem (Fig. 5, left) , was an effective inhibitor, as has recently been reported (Lu and Cullen 2004; Andersson et al. 2005) . Likewise, ET-208 RNA competed for cleavage of pre-miRNA, albeit less efficiently (Fig. 5, top panels) . However, neither VA1 RNA nor ET-208 RNA was a good substrate for cleavage; we detected only a very low level of VA1 cleavage, in agreement with other studies (Andersson et al. 2005; Sano et al. 2006 ), but we never observed any cleavage of ET-208 RNA (Fig. 5, lower panels) . We propose that these RNAs bind via their 3′ overhangs to the PAZ domain and via their stem and loops to other structures of human Dicer including the dsRBD (Zhang et al. 2004; MacRae et al. 2006) . Their ability to act as competitors without being cleaved indicates that they can do so without placing scissile bonds near the RNase III processing center of the enzyme. In vivo, none of these structured RNAs appeared to interfere with Dicer activity in Xenopus oocytes or eggs (not shown), perhaps because of interactions with other, more abundant or more avidly binding proteins. This is unlike the suppression of Dicer activity observed in VA1 RNA-producing mammalian cells (Lu and Cullen 2004; Andersson et al. 2005) .
Processing by Dicer In Vivo
To study Dicer activity in vivo, we injected several synthetic pre-miRNAs and stem-loop RNAs into either the nucleus or cytoplasm of Xenopus oocytes or early embryos. As shown above (Fig. 1) and reported previously (Lund et al. 2004 ), pre-miRNAs injected into nuclei are rapidly exported into the cytoplasm where they appear to remain stable. However, these pre-miRNAs actually were processed in the cytoplasm, albeit slowly (Fig. 6 , left 32 P-labeled variants of pre-let-7 and shRNAs (right side) were incubated with Dicer for 5 or 10 min (top panels) or 10 and 30 min (bottom panels) as in Fig. 3 . Numbers above the bottom panels indicate the number of base pairs in the stem and the number of nucleotides in the loop of the shRNAs, respectively. The structure of VA1 RNA was adapted from Sano et al. (2006) . The top panels show the products of Dicer cleavage of 32 Plabeled pre-let-7 upon incubation for 0, 5, 15, 30, 60, and 90 min in the absence or presence of 20 pmoles (~40-fold molar excess) of the indicated competitor RNAs. The bottom panels show the products of Dicer digestion of 32 P-labeled pre-let7, VA1, or ET-208 RNAs for 0, 5, 15, and 30 min, as in Fig. 3. panel), to yield miRNA-miRNA* duplexes identical to the cleavage products generated in vitro. After 2 hours, only a small percentage of the injected pre-miRNA was cleaved, and even after overnight incubation, no more than 10-15% of the pre-miRNA substrates had been processed to miRNA. Thus, stage VI oocytes have detectable but low levels of Dicer activity.
To rule out that Dicer digestion products might have been produced in the nucleus and then rapidly exported to the cytoplasm by Exp5, we blocked nuclear export by depleting the oocytes of RanGTP (cf. Fig. 1 ). Under these conditions, the injected pre-miR-31 remained largely in the nucleus, but no processed miRNA was detected there (Fig. 6, second panel) ; thus, nuclei of stage VI oocytes are devoid of detectable amounts of Dicer activity, in agreement with the intracellular localization of Dicer in mammalian cells (Billy et al. 2001) . Furthermore, the same extent of processing was observed regardless of whether the pre-miRNA substrate was injected into the nucleus or the cytoplasm (third panel).
Changes in Dicer Activity during Early Development
Incubation of stage VI oocytes with progesterone triggers their maturation into eggs. Upon breakdown of the germinal vesicle (nucleus), many hitherto dormant activities can be observed (Mendez and Richter 2001) . When oocytes were matured, we observed a large increase in Dicer activity (Fig. 6 , far right panel), with more pre-miR-31 RNA processed in matured oocytes within 30 minutes than during 4 hours in stage VI oocytes. Quantification of processing in several batches of oocytes showed a consistent five-to eightfold increase in Dicer activity upon maturation. Both miRNA and miRNA* products were detected, indicating that selection of one strand into a mature RISC might be inefficient. Comparable results were observed upon microinjection of several different pre-miRNAs (not shown).
It is unclear whether the large increase in Dicer activity that occurs upon breakdown of the germinal vesicle results from activation of preexisting enzyme or removal of an inhibitor, or from de novo synthesis of either Dicer or a cofactor(s) such as Xlrbpa (Eckmann and Jantsch 1997) , the likely Xenopus homolog of TRBP (Haase et al. 2005; Maniataki and Mourelatos 2005) or PACT (Lee et al. 2006) . A similar increase in Dicer activity was observed in a comparison of whole-cell extracts of stage VI oocytes, matured oocytes, and embryos (not shown), indicating that activation was not due simply to release of a sequestered cofactor from the nucleus.
We then asked whether the endogenous Dicer present in matured oocytes had the same substrate specificity as the human enzyme that we used in vitro. To make this comparison, matured oocytes were injected with several of the variant substrates that had been tested in vitro (Figs. 3 and 4) . In general, processing in vivo matched the cleavage observed in vitro, but increased stringency in vivo was observed in several cases (Fig. 7) . For example, the variant with only a 4-nucleotide-long loop that was cleaved well in vitro (RNA 3 in Fig. 4 ) was a poor substrate in vivo (middle panel, right lanes). Likewise, the RNA with a 14-nucleotide loop and 23-nucleotide stem extension (RNA 7 in Fig. 3) was not processed at all in vivo (Fig. 7 , middle panel; left lanes). The shRNAs with 22 and 21 base-paired stems (RNAs 4 and 5 of Fig. 4 ) appeared to be better substrates in vivo than in vitro, but the one with only 19 bp (RNA 6) was not (Fig. 7 , right panel). Comparable results were obtained in stage VI oocytes, but the extent of processing (and thus the signal) was considerably lower (data not shown). Changes in stringency of substrate recognition, while not great, could significantly influence the fidelity of processing events in vivo. The changes presumably result from interactions with one or more cofactors that facilitate Dicer activity.
The great increase in Dicer activity upon germinal vesicle breakdown (Fig. 6 ) presumably could support production of large quantities of miRNAs immediately after fertilization, during the early cleavage stage of Xenopus embryogenesis. However, we and other workers have observed that biogenesis of novel miRNAs is coincident with the mid-blastula transition (MBT), when zygotic transcription is activated (Newport and Kirshner 1982) . At that time (~7 hours after fertilization), abundant accumulation of miR-427 is observed (Watanabe et al. 2005; E. Lund et al., in prep.) .
We asked whether the early cleavage embryos, despite their very short cell cycle (~25-30 minutes), were still able 64 LUND AND DAHLBERG Figure 6 . Processing of pre-miRNA in stage VI and matured Xenopus oocytes. 32 P-labeled pre-miR-31 was injected into the nuclei (left two panels) or cytoplasms (third panel) of stage VI oocytes without or with prior depletion of RanGTP (-RanGTP) (Lund et al. 2004 ). After 0.5, 1, 2, or 4 hours incubation at 23°C, the nucleo-cytoplasmic distributions of RNA products were determined as in Fig.  3 . The far right panel shows the products resulting from injection into oocytes that had been matured by prior incubation (16 hours) with 10 μg/ml progesterone.
to fully process pre-miRNAs and assemble them into RISCs. For this, we injected in vitro synthesized pre-miR-427 RNA into one-or two-cell embryos and observed its processing during normal development (Fig. 8) . Mature miR-427 was visible already at the 32-cell stage (~1.5-2 hours after injection, or 3.5 hours post fertilization) and continued to accumulate through MBT and gastrulation (12 hours). The rate of disappearance of the injected pre-miR-427 appeared to accelerate in the approximately 2 hours prior to MBT, but that was not matched by a concomitant increase in the levels of mature miR-427, suggesting that processing by Dicer may have been saturated (although increased flux of material through mature miRNA cannot be excluded). It is likely that the amount of accumulated miRNA represents a steady state that was achieved by simultaneous production and degradation of both the injected ( 32 P-labeled) and endogenous (unlabeled) miR-427. We note that only miR-427, but not its complementary strand, miR-427* (which migrates faster in the gel), accumulated, strongly indicating that the Dicer digestion products had been incorporated into mature RISCs. Importantly, this suggests that miRNA-mediated repression of translation may be operable during the earliest stages of embryonic development (E. Lund et al., in prep.) .
CONCLUSIONS
Exp5 and Dicer are two proteins that are essential for the generation of microRNAs. The results discussed here demonstrate that, although both factors are able to accommodate a good deal of variability in their cargos or substrates, they also exhibit some strict substrate preferences or requirements. Undoubtedly, this level of stringency functions to reduce the level of spurious RNAs that could act like miRNAs, with detrimental consequences. Our data also demonstrate that the activity of at least one key enzyme, and probably several others (Thomson et al. 2006) , involved in miRNA biogenesis is developmentally controlled. These findings highlight the importance of controlling the amounts of miRNAs that can be produced and function at various stem cell and embryonic stages, and probably in adult tissues, as well. 32 P-labeled pre-miRNA and shRNA substrates (structures shown in Figs. 3 and 4) were injected into matured oocytes and analyzed 0 and 4 hours later for evidence of cleavage by endogenous Xenopus Dicer. Because several of the RNAs tested were poor substrates (despite the increased Dicer activity observed upon oocyte maturation), detection of the products was enhanced by ~10 times longer exposure of the bottom portions of the gels (below the dashed line). Figure 8 . Processing of pre-miR-427 during early Xenopus embryogenesis. Between 1.5 and 2 hours after fertilization of Xenopus eggs (Newport and Kirshner 1982) , 32 P-labeled premiR-427 (structure at the bottom) was injected into one-or twocell embryos. Embryonic development was monitored as indicated, and at the indicated stages of embryonic development, RNAs were isolated from pools of four embryos and one embryo-equivalents of total RNAs were analyzed in a 20% denaturing polyacrylamide gel. After the mid-blastula transition (MBT), some of the labeled nucleotides from the injected RNA were recycled into newly synthesized tRNA molecules. The time line at the top indicates times after fertilization. The gel mobilities of Dicer digestion products (miR-427 and miR-427* and the loop) are indicated on the right.
